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(54) Compression autoignition gasoline engine 

(57) A gasoline engine has an actuating system 
including an in-cylinder fuel injection system and an 
ignition system, capable of changing over combustion 
between spark ignition combustion and compression 
autoignition combustion, and a controlling system for 
controlling the combustion changeover. In a transition 
from one combustion to the other, the actuating system 
is controlled to perform transient combustion such as 
stratified charge combustion with fuel injection on the 
compression stroke, or combustion with fuel injection 
during a valve shutoff period during which intake and 
exhaust valves are both closed. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to a compres- 5 
sion autoignition gasoline engine selectively using 
spark ignition combustion and compression auto (or 
self) ignition combustion in accordance with engine 
operating conditions. 

[0002] In the compression autoignition combustion, w 
combustion starts at a plurality of points in a combustion 
chamber, so that the combustion speed is high, and the 
stability in combustion is high even in a lean state as 
compared to the ordinary spark ignition combustion. 
Therefore, the compression autoignition combustion 15 
makes it possible to improve the fuel consumption, and 
significantly reduce the amount of NOx in exhaust 
gases by lowering the combustion temperature with 
lean air fuel ratio. The amount of NOx can be further 
reduced with an air fuel mixture of a uniform air fuel ratio 20 
prepared by preliminarily mixing fuel and air. 
[0003] An engine system performing spark ignition 
combustion in high speed, high load regions and per- 
forming compression autoignition combustion in low 
speed, low and medium load regions is able to achieve 25 
high output at the time of high speed and high load, and 
simultaneous to achieve improvement of the fuel con- 
sumption and reduction of NOx at the time of low speed 
and low or medium load. 

[0004] However, in an engine system in which the 30 
base compression ratio is increased to obtain the tem- 
perature and pressure of air fuel mixture adequate for 
the compression autoignition combustion, the intake air 
quantity is decreased or the ignition timing is retarded to 
prevent knocking in the spark ignition combustion, so 35 
that the specific output becomes lower. 
[0005] A Japanese Published Patent Application 
Kokai No.10(1998)-252512 shows an engine system 
performing compression autoignition combustion by 
providing a valve shutoff period during which intake and 40 
exhaust valves are both closed, for intake heating with 
internal EGR. 

SUMMARY OF THE INVENTION 

45 

[0006] To change the opening and closing timings 
or the amounts of lift of intake and exhaust valves, a 
mechanical valve actuating mechanism disclosed in a 
Japanese Published Patent Application Kokai No. 
9(1997)-203307 includes a camshaft having a plurality 50 
of cams of different profiles, and a hydraulic actuating 
piston to change the states of rocker arm's engaging 
levers confronting the cams, respectively. This valve 
actuating mechanism requires several combustion 
cycles from an operation of an oil pressure control valve 55 
to an end of changeover to another rocker arm. 
[0007] To initiate the compression autoignition com- 
bustion by heating the intake air with internal EGR 



(exhaust gas recirculation), it is necessary to securely 
initiate the compression autoignition combustion by 
increasing the amount of internal EGR in a combustion 
cycle next to the last spark ignition combustion cycle. If, 
in the next combustion cycle, the compression autoigni- 
tion combustion is incomplete, the in-cylinder tempera- 
ture and pressure become lower, and the difficulty to 
initiate the compression autoignition combustion further 
grows. 

[0008] If, in consideration of the slower response of 
the mechanical valve actuating mechanism, the amount 
of the internal EGR is increased before a combustion 
changeover, the possibility of knocking would be 
increased in the spark ignition combustion. 
[0009] On the other hand, a delay in increase of the 
internal EGR quantity would render the compression 
autoignition combustion unstable, resulting in a 
decrease in the quantity of heat supplied by the internal 
EGR which would magnify the difficulty to regain the 
stable compression autoignition combustion. 
[0010] In the case of combustion changeover from 
compression autoignition combustion to spark ignition 
combustion, a large amount of internal EGR would 
increase the in-cylinder temperature and thereby 
increase the possibility of knocking in the spark ignition 
combustion. A preliminary reduction of the internal EGR 
quantity to prevent knocking in the spark ignition com- 
bustion would render the compression autoignition 
combustion unstable before the combustion changeo- 
ver. 

[001 1 ] Under some engine operating conditions, an 
intake pressure is varied in a combustion changeover 
between the spark ignition combustion and compres- 
sion autoignition combustion. In this case, a change in 
the pressure also involves a response delay, and the 
adjustment of the intake pressure takes several cycles. 
Therefore, a low in-cylinder pressure renders unstable 
the compression autoignition combustion in changeover 
from the spark ignition combustion to the compression 
autoignition combustion, and a high in-cylinder pressure 
increases the possibility of knocking in the spark ignition 
combustion in changeover from the compression 
autoignition combustion to the spark ignition combus- 
tion. 

[0012] Furthermore, the control of combustion 
changeover to avoid the combustion instability and 
knocking is influenced by various engine operating con- 
ditions at the time of a combustion changeover. 
[001 3] It is therefore an object of the present inven- 
tion to provide a compression autoignition gasoline 
engine, and/or its combustion changeover control proc- 
ess, to achieve smooth and stable combustion change- 
over sufficiently free from instability and knocking 
between spark ignition combustion and compression 
autoignition combustion especially in a light load engine 
operating region. 

[001 4] It is another object of the present invention to 
provide system and/or process to achieve a stable com- 
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bustion changeover between spark ignition combustion 
and compression autoignition combustion while 
restraining the occurrence of knocking even when a 
mechanical valve actuating mechanism is employed to 
vary valve timings. 5 
[0015] According to the present invention, a com- 
pression autoignition gasoline engine comprises: 

an actuating system comprising an in-cylinder fuel 
injection system to inject fuel directly into a com- w 
bustion chamber, and an ignition system operative 
to change over combustion in the combustion 
chamber between spark ignition combustion and 
compression autoignition combustion in accord- 
ance with an engine operating condition; and 15 
a controlling system connected with the in-cylinder 
fuel injection system and the ignition system, to per- 
form transient combustion in transition between the 
spark ignition combustion and the compression 
autoignition combustion. The transient combustion 20 
may be performed by temporarily changing a fuel 
injection timing. The transient combustion may be 
performed by injecting fuel directly into a combus- 
tion chamber during an intake valve closing period 
during which an intake valve is closed. 25 

[0016] In illustrated embodiments of the present 
invention, the transient combustion is one of stratified 
charge combustion and combustion performed by 
injecting fuel during a valve shutoff period during which 30 
intake and exhaust valves are both closed. 
[0017] The controlling system comprises a control 
unit or controller which may include, as a main compo- 
nent, a CPU forming a computer. The controlling system 
may further comprise one or more input devices such as 35 
sensors for collecting input information on one or more 
engine operating conditions. 

[0018] A combustion changeover process accord- 
ing to the present invention, for a compression autoigni- 
tion gasoline engine having an in-cylinder fuel injector, 40 
comprises: requesting a combustion changeover from 
first combustion which is one of spark ignition combus- 
tion and compression autoignition combustion to sec- 
ond combustion which is the other of the spark ignition 
combustion and the compression autoignition combus- 45 
tion, in accordance with an engine operating condition; 
and performing the transient combustion when the com- 
bustion changeover is requested. 

BRIEF DESCRIPTION OF THE DRAWINGS so 
[0019] 

FIG. 1 is a schematic view showing a system of a 
compression autoignition gasoline engine accord- 55 
ing to a first embodiment of the present invention. 
FIG. 2 is a graph for illustrating combustion patterns 
with respect to engine speed N and load T. 



FIG. 3 is a graph for illustrating knocking intensity, 
stability and combustion timing with respect to the 
air-fuel ratio in compression autoignition combus- 
tion. 

FIG. 4 is a graph for illustrating combustion change- 
over in the first embodiment. 
FIG. 5 is a graph for illustrating the throttle opening 
and in-cylinder pressure with respect to the load. 
FIG. 6 is a graph for illustrating the throttle opening 
and in-cylinder pressure with respect to the load in 
the case of stratified charge spark ignition combus- 
tion being employed. 

FIG. 7 is a graph for illustrating the throttle opening 
and in-cylinder pressure with respect to the load in 
the case of stratified charge compression autoigni- 
tion combustion being employed. 
FIG. 8 is a view for illustrating combustion states in 
steady state operation and transient operation in 
the compression autoignition gasoline engine of the 
first embodiment. 

FIG. 9 is a flowchart showing a control flow for 
selection of a combustion pattern in the first embod- 
iment. 

FIG. 10 is a flowchart showing a control flow for 
combustion changeover from the spark ignition 
combustion to the compression autoignition com- 
bustion in the first embodiment. 
FIG. 11 is a flowchart showing a control flow for 
combustion changeover from the compression 
autoignition combustion in the first embodiment. 
FIG. 12 is a schematic view showing a system of a 
compression autoignition gasoline engine accord- 
ing to a second embodiment of the present inven- 
tion. 

FIGS. 13A and 13B are diagrams illustrating open- 
ing and closing valve timings of intake and exhaust 
valves in two combustion modes of the compres- 
sion autoignition gasoline engine according to the 
second embodiment. 

FIG. 14 is a graph for illustrating the throttle opening 
and in-cylinder pressure with respect to the load in 
the second embodiment. 

FIG. 15 is a view for illustrating combustion states in 
steady state operation and transient operation in 
the compression autoignition gasoline engine of the 
second embodiment. 

FIG. 16 is a flowchart showing a control flow for 
combustion changeover from the spark ignition 
combustion to the compression autoignition com- 
bustion in the second embodiment. 
FIG. 17 is a flowchart showing a control flow for 
combustion changeover from the compression 
autoignition combustion to the spark ignition com- 
bustion in the second embodiment. 
FIG. 18 is a schematic view showing a system of a 
compression autoignition gasoline engine accord- 
ing to a third embodiment of the present invention. 
FIGS. 19A and 19B are graphs for illustrating valve 
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opening and closing timings of intake and exhaust 
valves in the third embodiment. 
FIG. 20 is a graph for illustrating a stable compres- 
sion autoignition combustion region in the case of 
combustion changeover. 5 
FIGS. 21 A ~ 21 E are time chart showing a process 
of combustion changeover in the third embodiment. 
FIG. 22 is a view for illustrating different forms of the 
combustion changeover process of the third 
embodiment in different engine load regions. w 

DETAILED DESCRIPTION OF THE INVENTION 

[0020] FIG. 1 shows a compression autoignition 
gasoline engine according to a first embodiment of the 15 
present invention, capable of selecting one of compres- 
sion autoignition combustion and spark ignition com- 
bustion in accordance with engine operating conditions. 
[0021] An engine main body (or engine proper or 
engine block assembly) 1 0 has at least one cylinder pro- 20 
vided with an intake port 1 1, an exhaust port 12, a pis- 
ton 13, an intake valve 14, and an exhaust valve 15. 
Engine main body 10 further has a crank angle sensor 
16, a fuel injection system 17 and an ignition system 
including at least one spark plug 1 8, and an intake sys- 25 
tern including a throttle valve 1 9. 
[0022] An electronic engine control unit (ECU) 1 for 
controlling the engine main body 10 has a combustion 
pattern selecting section 2 for selecting one combustion 
mode from a compression autoignition combustion 30 
mode and a spark ignition combustion mode in depend- 
ence on engine operating conditions, a spark ignition 
combustion control section 3 for controlling a combus- 
tion parameter at the time of the spark ignition combus- 
tion, a compression autoignition combustion control 35 
section 4 for controlling a combustion parameter at the 
time of the compression autoignition combustion, a 
combustion changeover commanding section 5 and a 
combustion changeover control section 6. These sec- 
tions 2 ~ 6 in ECU 1 are implemented by program or 40 
programs of a microcomputer. 

[0023] By receiving an engine speed signal from a 
crank angle sensor 16 and an accelerator opening sig- 
nal (or load) from an accelerator opening sensor (or 
accelerator position sensor) 7, ECU 1 determines a cur- 45 
rent engine operating state and selects a combustion 
pattern in accordance with the engine operating state. 
Moreover, ECU 1 calculates a fuel injection quantity, a 
fuel injecting timing and an ignition timing in accordance 
with the engine operating state, and delivers control sig- 50 
nals to fuel injection system 7 and ignition spark plug 1 8 
to achieve the results of the calculation. 
[0024] Throttle valve 19 for regulating an intake air 
quantity is located upstream of intake port 11. The 
intake system further includes an air flowmeter (not 55 
shown), an air cleaner and piping. 
[0025] As shown in FIG. 2, the thus-constructed 
compression autoignition gasoline engine performs the 



compression autoignition combustion in a predeter- 
mined engine operating region of low speed and low 
and medium load, and performs the spark ignition com- 
bustion in a very low load region and in a region of high 
speed or high load. 

[0026] The compression spontaneous ignition com- 
bustion engine according to the first embodiment is 
operated as follows: 

[0027] FIG. 3 shows an air-fuel ratio range in which 
the autoignition combustion can be performed. The fuel 
injection timing is sufficiently advanced before TDC (top 
dead center), and the air and fuel are premixed. As the 
air-fuel ratio is made leaner, the combustion stability 
becomes worse, and fluctuation of engine torque 
increases. Therefore, a lean limit is at an air-fuel ratio 
AFL at which the combustion stability becomes equal to 
or worse than a predetermined stability threshold Sth 
representing an allowable stability limit determined by 
design requirements of an internal combustion engine 
or a vehicle powered by an internal combustion engine. 
[0028] On the other hand, the intensity of knock 
increases as the air-fuel ratio is made richer. Therefore, 
a rich limit is at an air-fuel ratio AFR at which the knock 
intensity exceeds a knocking threshold (allowable knock 
level). The air-fuel ratio range for the compression 
autoignition combustion is defined between the stability 
limit AFL and the knocking limit AFR. The compression 
autoignition combustion is allowed only in this limited 
range. In FIG. 3, the air-fuel ratio is used as an index for 
indicating the degree of richness or leanness of gas-fuel 
mixture. When the residual gas or EGR gas is involved, 
the tendency is the same, and it is possible to use, 
instead of the air-fuel ratio, the gas-fuel ratio G/F 
between a total gas quantity of fresh air and burnt gas 
and a quantity of fuel. 

[0029] FIG. 3 shows the range of the autoignition 
combustion with respect to the air fuel ratio as combus- 
tion parameter. With respect to other parameters such 
as temperature, intake pressure or boost pressure, the 
tendency is alike. The combustion stability decreases 
as the temperature decreases, and the knocking inten- 
sity increases as the temperature increases. As to the 
intake pressure or boost pressure, the combustion sta- 
bility decreases as the pressure decreases, and the 
knocking intensity increases as the pressure increases. 
In order to sustain stable autoignition combustion, it is 
necessary or desirable to control the temperature 
and/or pressure in predetermined respective ranges. 
[0030] FIG. 4 shows conditions for combustion 
changeover from the spark ignition combustion opera- 
tion to the autoignition combustion operation. As shown 
in FIG. 4, there are two kinds of combustion pattern 
changeovers. One is a combustion changeover in a light 
load region from the spark ignition combustion to the 
compression autoignition combustion or from the com- 
pression autoignition combustion to the spark ignition 
combustion. The other is a combustion changeover in a 
heavy load region from the compression autoignition 
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combustion to the spark ignition combustion, or from the 
spark ignition combustion to the compression autoigni- 
tion combustion. 

[0031] The present invention deals with the com- 
bustion changeover in the light load region. 5 
[0032] FIG. 5 shows the throttle opening (degree) 
and in-cylinder pressure with respect to the load. The 
spark ignition combustion is a homogenous charge sto- 
ichiometric combustion. In the case of combustion 
changeover in the light load region from the spark igni- w 
tion combustion to the compression autoignition com- 
bustion, the throttle opening differs widely, and hence 
the in-cylinder pressure differs widely. When, therefore, 
the combustion is changed over to the compression 
autoignition mode, the in-cylinder pressure can be defi- 15 
cient and the combustion can be unstable as mentioned 
before. 

[0033] FIG. 6 shows the throttle opening (degree) 
and in-cylinder pressure with respect to the load when a 
stratified charge spark ignition combustion is inter- 20 
posed. In the stratified charge combustion, it is possible 
to make the air-fuel ratio lean while holding the air quan- 
tity at a large level. Therefore, the throttle opening can 
be increased, and the in-cylinder pressure can be held 
at a higher level as compared to the homogeneous 25 
charge stoichiometric combustion. In a combustion 
changeover, consequently, it is possible to bring the in- 
cylinder pressure quickly to a desired target value, and 
thereby to prevent the combustion from becoming 
unstable. 30 
[0034] FIG. 7 shows the throttle opening (degree) 
and in-cylinder pressure with respect to the load when a 
stratified charge combustion is performed in the com- 
pression autoignition mode. By the use of the stratified 
charge combustion in the compression autoignition 35 
mode, it is possible to perform the compression autoig- 
nition combustion at lighter load levels, and to change 
over the combustion at lighter levels. In a combustion 
changeover at a lighter load level, an amount of fuel for 
combustion is decreased, so that the tendency to 40 
knocking is decreased for both the spark ignition com- 
bustion and compression autoignition combustion. The 
decrease of the amount of burnt fuel decreases the 
amount of heat generated in the combustion process, 
which decreases the possibility of knock even when the 45 
combustion parameters such as in-cylinder pressure 
and temperature deviate from desired values in the 
process of combustion changeover. 
[0035] FIG. 8 shows combustion modes in combus- 
tion changeover. In the case of steady state operation of so 
the engine, the engine performs stoichiometric homoge- 
neous charge spark ignition combustion when the load 
is very light, and performs homogeneous charge com- 
pression autoignition combustion when the load is 
medium. In the case of transient state operation with 55 
change in the load, there appear, in the increasing order 
of the load, stoichiometric homogeneous charge spark 
ignition combustion, stratified charge spark ignition 
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combustion, stratified charge compression autoignition 
combustion and homogeneous compression autoigni- 
tion combustion, as shown in FIG. 8. 
[0036] FIG. 9 shows a main flow for controlling the 
combustion pattern. 

[0037] Step S1 1 is to detect engine speed N and 
load T. Step S12 is to select a combustion pattern from 
the map shown in FIG. 2. When the spark ignition com- 
bustion is selected, the spark ignition combustion con- 
trol is started at step S13. When the autoignition 
combustion is selected, the autoignition combustion 
control is started at step S14. Step S15 is to start a 
combustion changeover control when a combustion 
changeover is requested at step S12. 
[0038] FIG. 10 shows a control flow for changeover 
from the spark ignition combustion to the compression 
autoignition combustion. Step S21 is a step to vary the 
throttle opening. Then, step S22 checks if the throttle 
opening is set to a desired target value shown in FIG. 7. 
If the setting of the throttle opening is not yet finished, 
step S23 continues intake stroke fuel injection to con- 
tinue homogeneous charge spark ignition combustion. 
If the setting of the throttle opening is finished, control is 
transferred from step S22 to step S24 to perform com- 
pression stroke fuel injection to start stratified charge 
spark ignition combustion. 

[0039] Step S25 is to adjust the throttle opening 
again. Step S26 checks if the throttle opening is set to a 
desired value shown in FIG. 7. If the setting of the throt- 
tle opening is not yet finished, the spark ignition is con- 
tinued to continue the spark ignition combustion at step 
S27. If the setting of the throttle opening is finished, the 
spark ignition is switched off at step S28 to initiate the 
compression autoignition combustion. Step S29 is to 
check if the engine load is within a homogeneous 
charge combustion load region shown in FIG. 8. If the 
engine load is outside the homogeneous charge com- 
bustion load region, step S30 performs the compression 
stroke fuel injection to perform the stratified charge 
compression autoignition combustion. If the engine load 
is inside the homogeneous charge combustion load 
region, step S31 performs the intake stroke fuel injec- 
tion to initiate homogeneous charge compression 
autoignition combustion. 

[0040] FIG. 1 1 shows a control flow for combustion 
changeover from the compression autoignition combus- 
tion to the spark ignition combustion. 
[0041] If the combustion changeover is requested 
by the main flow of FIG. 9, first step S41 starts stratified 
charge compression autoignition combustion by the 
compression stroke fuel injection. Next step S42 is to 
adjust the throttle opening, and step S43 is to check if 
the throttle opening is set to a desired value as shown in 
FIG. 7. If the setting of the throttle opening is not yet fin- 
ished, the compression autoignition combustion is con- 
tinued at step S44 by holding the spark ignition off. 
[0042] If the setting of the throttle opening is fin- 
ished, the spark ignition combustion is initiated at step 
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S45 by turning on the spark ignition. Step S46 adjusts 
the throttle opening again, and step S47 checks again if 
the throttle opening is set to a desired value shown in 
FIG. 7. If the setting of the throttle opening is not yet fin- 
ished, the stratified charge spark ignition combustion is 5 
continued by the compression stroke fuel injection at 
step S48. If the setting of the throttle opening is finished, 
homogeneous charge spark ignition combustion is initi- 
ated by the intake stroke fuel injection at step S49. 
[0043] FIG. 12 shows a compression autoignition w 
gasoline engine according to a second embodiment of 
the present invention. The engine according to the sec- 
ond embodiment additionally has a variable valve timing 
system including variable timing valve actuating mecha- 
nisms 20 for the intake and exhaust valves 1 4 and 1 5. 15 
[0044] FIG. 13A is a valve timing diagram for the 
spark ignition combustion mode, and FIG. 13B is a 
valve timing diagram for the compression autoignition 
combustion mode. In the spark ignition combustion 
mode, the closing timing (EVC) of the exhaust valve 20 
(EXH) and the opening timing (IVO) of the intake valve 
(INT) are set around the piston top dead center to form 
a valve overlap as in an ordinary four cycle gasoline 
engine. 

[0045] In the compression autoignition combustion 25 
mode in the case of combustion changeover in a prede- 
termined operating region, the exhaust valve closing 
timing (EVC) is advanced, as compared to that in the 
spark ignition combustion mode, to close the exhaust 
valve on the exhaust stroke, and the intake valve open- 30 
ing timing (IVO) is retarded to open the intake valve dur- 
ing the intake stroke. The valve overlap around the 
piston top dead center is eliminated completely, and 
there is formed a minus overlap (-O/L) (or valve shutoff 
period). 35 
[0046] By such valve timing adjustment to form the 
minus overlap in the compression autoignition combus- 
tion, the exhaust valve is closed halfway during the 
exhaust stroke, so that high temperature burnt gases in 
the then-existing volume of the combustion chamber is 40 
trapped in the combustion chamber and brought over to 
the next cycle as internal EGR gas. In the next engine 
cycle, the intake valve is opened during the intake 
stroke, and fresh air is inducted. The residual internal 
EGR gas gives heat to the inducted fresh air, and raises 45 
the in-cylinder temperature. 

[0047] If fuel is injected during this minus overlap 
period, the heat of the high temperature gas trapped in 
the combustion chamber reforms the injected fuel, and 
improves the ignitability of the fuel so that the compres- 50 
sion nonsparking autoignition combustion becomes 
possible at a lower load condition. 
[0048] FIG. 14 shows the throttle opening and in- 
cylinder pressure with respect to the load when the 
compression auto ignition combustion is performed in a 55 
light load region with fuel injection during the minus 
overlap. As compared to FIG. 7, the compression 
autoignition combustion becomes possible at lighter 
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load levels, and hence the combustion changeover can 
be realized at lighter load levels. In a combustion 
changeover at a lighter load level, an amount of fuel for 
combustion is decreased, and the tendency to knocking 
is decreased for both the spark ignition combustion and 
compression autoignition combustion. Because of the 
decrease in the amount of burnt fuel, the amount of heat 
generated in the combustion process becomes smaller, 
and the possibility of knock decreases even when the 
combustion parameters such as in-cylinder pressure 
and temperature deviate from desired values in the 
process of combustion changeover. 
[0049] FIG. 15 shows combustion modes in com- 
bustion changeover. In the case of steady state opera- 
tion of the engine, the engine performs stoichiometric 
homogeneous charge spark ignition combustion when 
the load is very light, and performs homogeneous 
charge compression autoignition combustion when the 
load is medium. In the case of transient state operation 
with change in the load, there appear, in the increasing 
order of the load, stoichiometric homogeneous charge 
spark ignition combustion, stratified charge spark igni- 
tion combustion, minus overlap injection compression 
autoignition combustion and homogeneous charge 
compression autoignition combustion, as shown in FIG. 
15. 

[0050] The control flow for selecting a combustion 
patter in the second embodiment is identical to the flow 
shown in FIG. 9 in the first embodiment. 
[0051 ] FIG. 1 6 shows a control flow for changeover 
from the spark ignition combustion to the compression 
autoignition combustion. The control flow of FIG. 16 is 
different from the flow of FIG. 1 0 in the following points. 
Step S55 adjusts the throttle opening and the valve tim- 
ings. Step S56 starts minus overlap fuel injection. Step 
S57 checks if the throttle opening and the valve timings 
are set to desired values (shown in FIGS. 13 and 14). If 
the setting is not yet complete, step S58 continues the 
spark ignition combustion. If the setting is complete, 
step S59 turns off the spark ignition, and starts the com- 
pression autoignition combustion. Step S60 checks 
whether the engine operating state is in a predeter- 
mined homogeneous charge combustion region on the 
basis of FIG. 15. Outside the homogeneous charge 
combustion region, step 61 continues the minus overlap 
fuel injection. Inside the homogeneous charge combus- 
tion region, step S62 starts the intake stroke fuel injec- 
tion to start the homogeneous charge compression 
autoignition combustion. 

[0052] FIG. 1 7 shows a control flow for combustion 
changeover from the compression autoignition combus- 
tion to the spark ignition combustion according to the 
second embodiment. The control flow of FIG. 17 is dif- 
ferent from the flow of FIG. 11 in the following points. 
Step S71 adjusts the throttle opening and the valve tim- 
ings. Step S72 starts the minus overlap fuel injection. 
Step S73 checks if the setting of the throttle opening 
and valve timings is finished. If the setting is not yet fin- 
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ished, step S74 continues the compression autoignition 
combustion by holding the spark ignition off. If the set- 
ting is finished, step S75 changes the fuel injection tim- 
ing to start the compression stroke fuel injection. Step 
S76 following step S75 starts the spark ignition to start 5 
the stratified charge spark ignition combustion. 
[0053] FIG. 18 shows a compression autoignition 
gasoline engine according to a third embodiment of the 
present invention. 

[0054] A combustion chamber 201 is formed by a w 
cylinder head 202, a cylinder block 203 and a piston 
206. Cylinder head 2 has at least one intake port 204 
provided with an intake valve 205, and at least one 
exhaust port 208 provided with an exhaust valve 209. 
Intake valve 205 and exhaust valve 209 are opened and 15 
closed through an intake cam 21 1 and an exhaust cam 
212, respectively, by a valve actuating system. 
[0055] A variable valve timing control system 
includes valve timing control actuators 213 for varying 
the opening and closing timings of intake and exhaust 20 
valves 205 and 208 under the control of an engine con- 
trol unit 214. Engine control unit 214 can achieve a high 
temperature high pressure state enabling spontaneous 
ignition near compression stroke top dead center by 
varying the compression ratio and the amount of EGR in 25 
a low and medium load region of the engine. 
[0056] An intake system includes a throttle valve 
(not shown in FIG. 1 8) for regulating an air quantity, and 
an air flowmeter (not shown). A fuel injector 207 is pro- 
vided in cylinder head 202, to inject fuel directly into 30 
combustion chamber 201. Engine control unit 214 can 
control the fuel injection timing, the number of times of 
fuel injection, and the fuel injection quantity. A spark 
plug 210 is fixed to the cylinder head 202 by means of 
screw thread. Engine control unit 214 can control the 35 
spark ignition timing. 

[0057] FIGS. 19A and 19B illustrate opening and 
closing timings of the intake and exhaust valves accord- 
ing to this embodiment. In the normal spark ignition 
combustion, the intake and exhaust valves are both 40 
open during a period called a valve overlap period from 
several degrees to several tens of degrees of crankshaft 
rotation around the exhaust top dead center (TDC). In 
the compression autoignition combustion, the valve 
shutoff period (or minus overlap period) during which 45 
the intake and exhaust valves are both closed is pro- 
vided by decreasing the exhaust operating angle, shift- 
ing the exhaust valve closing timing (EVC) before the 
exhaust TDC, decreasing the intake operating angle 
and shifting the intake valve opening timing (IVO) after so 
the exhaust TDC. United States Patent 4,397,270 (cor- 
responding to Japanese Published Patent Application 
Kokai No. S55(1 980)- 1 37305) and Japanese Published 
Patent Application Kokai No. H9(1997)-203307 show 
valve actuating systems capable of varying valve tim- 55 
ings. Figures and explanations of these patent docu- 
ments about the valve actuating systems are herein 
incorporated by reference. 



[0058] In the compression autoignition combustion, 
hot exhaust gases are confined during the valve shutoff 
period, and used for heating the intake air, so that it is 
possible to initiate nonsparking compression autoigni- 
tion combustion in the gasoline engine without increas- 
ing the compression ratio excessively. In this 
embodiment, moreover, this setting of the valve timing 
for the compression autoignition combustion is used 
also for the spark ignition combustion just before com- 
bustion changeover from the spark ignition combustion 
to the compression autoignition combustion. 
[0059] FIG. 20 illustrates the combustion stability 
with respect to the air-fuel ratio (A/F) in the compression 
autoignition combustion and spark ignition combustion 
under the condition of constant throttle opening in the 
case in which the valve shutoff period is provided. 
[0060] By injecting at least part of fuel during the 
valve shutoff period in the compression autoignition 
combustion, a stable combustion region can be 
expanded to the lean A/F side (to the low load side, that 
is). The fuel injected during the valve shutoff period is 
compressed together with self EGR gas mixture, 
exposed to a field of high temperature and high pres- 
sure, and reformed by reaction with oxygen in the self 
EGR gas mixture to the state making easier the com- 
pression autoignition. 

[0061 ] Furthermore, by injecting at least part of fuel 
on the compression stroke in the compression autoigni- 
tion combustion, it is possible to produce a rich A/F 
region of stratified air fuel mixture locally in the combus- 
tion chamber and thereby to achieve compression 
autoignition in a condition of leaner total A/F as a whole 
in the combustion chamber. 

[0062] In FIG. 20, a broken line indicates a stable 
combustion region of stratified charge spark ignition 
combustion at the same valve shutoff period and the 
same throttle opening as the compression autoignition 
combustion. Even in afield of stratified air fuel mixture in 
which compression autoignition does not occur, it is 
possible to achieve flame propagation combustion in a 
predetermined A/F region, by producing a nucleus of 
flame by a spark. 

[0063] Therefore, in this A/F region, as shown by an 
arrow in FIG. 20, a transition from the spark ignition 
combustion to the compression autoignition combustion 
is possible by changing the fuel injection timing while 
the throttle opening and the intake and exhaust valve 
timings are the same. 

[0064] FIGS. 21 A ~ 21 E show a process of com- 
bustion changeover according to the third embodiment 
of the present invention. The combustion changeover 
process is divided into first and second stages. 
[0065] At the first stage, a transition takes place 
from spark ignition combustion of homogeneous 
premixed mixture at the theoretical mixture ratio with 
fuel injection on the intake stroke, to spark ignition com- 
bustion of stratified lean mixture with greater throttle 
opening and fuel injection on the compression stroke. 
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[0066] After the transition to the stratified lean com- 
bustion, the intake and exhaust valve timings are varied 
to form the valve shutoff period. As the valve shutoff 
period is made longer, the throttle opening is increased 
so as to compensate for a decrease in the fresh intake 
air quantity due to an increase of the self EGR gas 
quantity, to a position near the fully open throttle valve 
position. By this, the state shown by a small black circle 
in FIG. 20 is reached. 

[0067] At the second stage, a transition from the 
spark ignition combustion to the compression autoigni- 
tion combustion is carried out by changing the fuel injec- 
tion timing from the compression stroke to the valve 
shutoff period to start a valve shutoff period fuel injec- 
tion. The combustion state is shifted from the small 
black circle to a small white circle as shown by a solid 
line arrow in FIG. 20. At the same time, the fuel injection 
quantity is decreased to absorb a load change in the 
combustion changeover. This is due to the effect of 
improvement in thermal efficiency in the compression 
autoignition combustion. In the compression autoigni- 
tion combustion, the time period of combustion is short, 
and hence the thermal efficiency is improved, as com- 
pared to the spark ignition combustion. In this case, it is 
possible to stop the discharge at the spark plug simulta- 
neously with the transition to the compression autoigni- 
tion combustion. 

[0068] In FIG. 21 A ~ 21 E, broken and one dot chain 
lines indicate characteristics when the load at the time 
of a combustion changeover is different from that in the 
above-mentioned base state. The broken lines show a 
case of lower load, and the one dot chain lines shows a 
case of higher load. 

[0069] When the load is low at the time of a com- 
bustion changeover, to ensure the combustion stability 
in the spark ignition combustion, the opening of the 
throttle valve to a degree required in the compression 
autoignition combustion becomes unfeasible. In a tran- 
sition at a low load from the spark ignition combustion to 
the compression autoignition combustion, the transition 
is carried out by shifting the fuel injection timing to the 
valve shutoff period as in the base state. However, 
because of the accompanying operation to open the 
throttle valve, the compression autoignition combustion 
tends to be unstable until the intake pressure rises. 
[0070] To improve the stability of the compression 
autoignition combustion, the fuel is injected twice, at a 
first injection timing during the valve shutoff period and 
at a second injection timing during the compression 
stroke. The stability is thus improved by the effect of fuel 
reformation by the valve shutoff period fuel injection and 
the effect of stratification by the compression stroke fuel 
injection. 

[0071] This switching operation of the fuel injection 
timing can be expressed by a broken line arrow from the 
small black circle to a small white triangle shown in FIG. 
20. By the addition of the compression stroke fuel injec- 
tion, there is formed, in the combustion chamber, a rich 



air fuel mixture field which facilitates the compression 
autoignition combustion. 

[0072] It is possible to improve the combustion sta- 
bility and reduce a torque change at the time of a com- 

5 bustion changeover by increasing the total fuel injection 
quantity immediately after the combustion changeover, 
as compared to the total fuel injection quantity at the 
end of the throttle opening operation. 
[0073] In a combustion changeover from the spark 

w ignition combustion to the compression autoignition 
combustion, it is optional to retard the spark timing in 
the spark ignition combustion immediately before the 
combustion changeover from the spark ignition com- 
bustion to the compression autoignition combustion, 

15 with respect to the spark timing in the steady state 
under the condition of equal engine speed and equal 
engine load. By this retardation, the control system can 
increase the temperature of the self EGR gas, and 
increase an amount of HC residing in the self EGR gas 

20 mixture, so that the compression autoignition combus- 
tion is reliably initiated immediately after the combustion 
changeover. 

[0074] Moreover, it is possible to further improve the 
stability of the compression autoignition combustion at 

25 the time of a combustion changeover by producing a 
discharge in the spark plug about 30° before TDC in the 
compression autoignition combustion to increase the 
effect of fuel reformation. The discharge at the begin- 
ning of the compression autoignition combustion pro- 

30 duces radicals acting to reform the fuel and facilitate the 
compression autoignition. 

[0075] The injection of fuel in a total amount in the 
high load region would make excessive the heat gener- 
ation at exhaust TDC, resulting in deterioration of the 

35 fuel consumption and knocking due to premature igni- 
tion in the compression autoignition combustion. There- 
fore, on the high load side, it is possible to prevent 
excessive reformation of the fuel by decreasing the fuel 
injection quantity of the injection during the valve shutoff 

40 period as compared to the quantity in the base state, 
and injecting the fuel twice first during the valve shutoff 
period and second during the intake stroke. 
[0076] FIG. 22 shows the fuel injection timing, and 
the valve shutoff period in combustion changeover proc- 

45 esses in the base state, the low load state and the high 
load state, as explained above. In a transition from the 
spark ignition combustion to the compression autoigni- 
tion combustion, the fuel injection may be performed 
twice, a first fuel injection of a first amount of fuel during 

so the valve shutoff period and a second fuel injection of a 
second amount of fuel during a period from the valve 
shutoff period to an power stroke. The second fuel injec- 
tion may be performed on the compression stroke when 
the load is lower and on the intake stroke when the load 

55 is higher. Thus, the control system can perform the fuel 
reformation during the compression stroke adequately 
and start the compression autoignition combustion sta- 
bly. In the example of FIG. 22, the valve shutoff period is 
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held at a constant length in a low load region to ensure 
the fuel reformation, and decreased with increase in the 
load in a high load region to prevent over fuel reforma- 
tion and thereby to prevent knocking. 
[0077] However, it is not always necessary to 5 
employ these three different combustion changeover 
processes since a load range adequate for a combus- 
tion changeover is affected by the base compression 
ratio of an engine, the intake air quantity and other fac- 
tors. 10 
[0078] A combustion changeover from the spark 
ignition combustion to the compression autoignition 
combustion is achieved by changing the fuel injection 
timing of the fuel injector for each cylinder. Therefore, it 
is easy to vary the timing of a combustion changeover 15 
from cylinder to cylinder. It is possible to decrease the 
engine torque change in a combustion changeover from 
the spark ignition combustion to the compression 
autoignition combustion by performing a changeover of 
the fuel injection timing sequentially cylinder by cylinder, 20 
or one cylinder group after another. 
[0079] The amount of the fuel injected during the 
valve shutoff period may be increased as compared to 
an amount of fuel injected in normal compression 
autoignition combustion, to promote the fuel reformation 25 
and further improve the combustion stability at a start of 
the compression autoignition combustion. 
[0080] In the present invention, the stratified charge 
spark ignition combustion in changeover from the spark 
ignition combustion to the compression autoignition 30 
combustion is effective for increasing the in-cylinder 
pressure in the combustion changeover, and thereby 
improving the stability of the compression autoignition 
combustion. The stratified charge spark ignition com- 
bustion in changeover from the compression autoigni- 35 
tion combustion to the spark ignition combustion is 
effective for restraining an, increase in the fuel quantity 
as compared to homogeneous charge spark ignition 
combustion, and preventing knock in the spark ignition 
combustion. The stratified charge compression autoig- 40 
nition combustion in changeover from the spark ignition 
combustion to the compression autoignition combustion 
is effective for improving the ignitability in the compres- 
sion autoignition combustion, and improving the stability 
of the compression autoignition combustion. The strati- 45 
fied charge compression autoignition combustion in 
changeover from the compression autoignition combus- 
tion to the spark ignition combustion is effective for low- 
ering the load at the time of the compression 
autoignition combustion, reducing the fuel injection so 
quantity in the spark ignition combustion after the com- 
bustion changeover, and preventing knock. The valve 
shutoff period fuel injection in changeover from the 
spark ignition combustion to the compression autoigni- 
tion combustion is effective for performing the combus- 55 
tion changeover from the spark ignition combustion to 
the compression autoignition promptly and reliably 
within one combustion cycle even if the response of the 
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system for controlling the valve timings is slow. The 
valve shutoff period fuel injection in changeover from 
the compression autoignition combustion to the spark 
ignition combustion is effective for lowering the load at 
the time of the compression autoignition combustion, 
decreasing the fuel injection quantity in the spark igni- 
tion combustion after the changeover and thereby pre- 
venting knock. 

[0081] This application is based on a prior Japa- 
nese Patent Application No. H1 1 (1999)-261002 filed on 
September 14, 2000 in Japan. The entire contents of 
this Japanese Patent Application No. 11-261002 are 
hereby incorporated by reference. 
[0082] Although the invention has been described 
above by reference to certain embodiments of the 
invention, the invention is not limited to the embodi- 
ments described above. Modifications and variations of 
the embodiments described above will occur to those 
skilled in the art in light of the above teachings. The 
scope of the invention is defined with reference to the 
following claims. 

Claims 

1. A compression autoignition gasoline engine com- 
prising: 

an actuating system comprising an in-cylinder 
fuel injection system to inject fuel directly into a 
combustion chamber, and an ignition system 
operative to change over combustion in the 
combustion chamber between spark ignition 
combustion and compression autoignition 
combustion in accordance with an engine oper- 
ating condition; and 

a controlling system connected with the in-cyl- 
inder fuel injection system and the ignition sys- 
tem, to perform transient combustion in 
transition between the spark ignition combus- 
tion and the compression autoignition combus- 
tion, the transient combustion being stratified 
charge combustion performed by injecting the 
fuel on a compression stroke with the in-cylin- 
der fuel injection system. 

2. The compression autoignition gasoline engine as 
claimed in Claim 1, wherein the transient combus- 
tion is stratified charge spark ignition combustion. 

3. The compression autoignition gasoline engine as 
claimed in Claim 2, wherein the transient combus- 
tion is the stratified charge spark ignition combus- 
tion performed before a start of the compression 
autoignition combustion in a combustion changeo- 
ver from the spark ignition combustion to the com- 
pression autoignition combustion. 

4. The compression autoignition gasoline engine as 
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claimed in Claim 3, wherein the controlling system 
controls the actuating system to perform the strati- 
fied charge spark ignition combustion after a start 
of the spark ignition combustion in a combustion 
changeover from the compression autoignition 5 
combustion to the spark ignition combustion. 

5. The compression autoignition gasoline engine as 
claimed in Claim 3, wherein, in the combustion 
changeover from the spark ignition combustion to w 
the compression autoignition combustion, the con- 
trolling system performs the transient combustion 
which is the stratified charge spark ignition combus- 
tion before the start of the compression autoignition 
combustion, and further performs stratified charge 15 
compression autoignition combustion by injecting 

the fuel on the compression stroke just after the 
start of the compression autoignition combustion. 

6. The compression autoignition gasoline engine as 20 
claimed in Claim 5, wherein, in a combustion 
changeover from the compression autoignition 
combustion to the spark ignition combustion, the 
controlling system performs stratified charge com- 
pression autoignition combustion by injecting the 25 
fuel on the compression stroke before a start of the 
spark ignition combustion, and further performs 
stratified charge spark ignition combustion by 
injecting the fuel on the compression stroke just 
after the start of the spark ignition combustion. 30 

7. The compression autoignition gasoline engine as 
claimed in Claim 3, wherein the actuating system 
further comprises a variable valve timing control 
system to adjust intake and exhaust valve timings 35 
to form, between an exhaust stroke and an intake 
stroke in an engine cycle, a valve shutoff period 
during which the combustion chamber is shut off by 
closing both an intake valve and an exhaust valve; 
and wherein, in the combustion changeover from 40 
the spark ignition combustion to the compression 
autoignition combustion, the controlling system per- 
forms the transient combustion which is the strati- 
fied charge spark ignition combustion before the 
start of the compression autoignition combustion, 45 
and further performs, just after the start of the com- 
pression autoignition combustion, transient com- 
pression autoignition combustion by injecting the 
fuel during the valve shutoff period. 

50 

8. The compression autoignition gasoline engine as 
claimed in Claim 7, wherein, in a combustion 
changeover from the compression autoignition 
combustion to the spark ignition combustion, the 
controlling system first performs compression 55 
autoignition combustion by injecting the fuel during 

the valve shutoff period before a start of the spark 
ignition combustion, and further performs stratified 



charge spark ignition transient combustion just after 
the start of the spark ignition combustion operation. 

9. The compression autoignition gasoline engine as 
claimed in Claim 1, wherein the transient combus- 
tion is stratified charge compression autoignition 
combustion. 

10. The compression autoignition gasoline engine as 
claimed in Claim 9, wherein the transient combus- 
tion is the stratified charge compression autoigni- 
tion combustion performed just after a start of the 
compression autoignition combustion in a combus- 
tion changeover from the spark ignition combustion 
to the compression autoignition combustion. 

11. The compression autoignition gasoline engine as 
claimed in Claim 10 wherein, in a combustion 
changeover from the compression autoignition 
combustion to the spark ignition combustion opera- 
tion, the controlling system performs stratified 
charge compression autoignition combustion by 
injecting the fuel on the compression stroke before 
a start of the spark ignition combustion. 

12. The compression autoignition gasoline engine as 
claimed in Claim 1, wherein, in a combustion 
changeover from the spark ignition combustion to 
the compression autoignition combustion, the con- 
trolling system controls the ignition system to retard 
a spark ignition timing just before a start of the com- 
pression autoignition combustion. 

13. The compression autoignition gasoline engine as 
claimed in Claim 12, wherein, after the combustion 
changeover from the spark ignition combustion to 
the compression autoignition combustion, the con- 
trolling system controls the ignition system to cause 
a discharge in a spark plug of the ignition system at 
a position about 30° before a top dead center of a 
compression stroke. 

14. The compression autoignition gasoline engine as 
claimed in Claim 1, wherein the controlling system 
carries out a combustion changeover from the 
spark ignition combustion to the compression 
autoignition combustion at a first combustion 
changeover timing for a first group of engine cylin- 
ders and at a second combustion changeover tim- 
ing after the first combustion changeover timing for 
a second group of engine cylinders. 

15. A compression autoignition gasoline engine com- 
prising: 

an actuating system comprising, 

an in-cylinderfuel injection system to inject 
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fuel directly into a combustion chamber, 
an ignition system operative to change 
over combustion in the combustion cham- 
ber between spark ignition combustion and 
compression autoignition combustion in 5 
accordance with an engine operating con- 
dition, and 

a variable valve timing control system to 
adjust intake and exhaust valve timings to 
form, between an exhaust stroke and an 10 
intake stroke in an engine cycle, a valve 
shutoff period during which the combus- 
tion chamber is shut off by closing both an 
intake valve and an exhaust valve; and 



a controlling system connected with the in-cyl- 
inder fuel injection system, the ignition system 
and the variable valve timing control system, to 
perform transient combustion in transition 
between the spark ignition combustion and the 
compression autoignition combustion, the tran- 
sient combustion being combustion performed 
by injecting the fuel during the valve shutoff 
period with the in-cylinderfuel injection system. 

16. The compression autoignition gasoline engine as 
claimed in Claim 15, wherein the transient combus- 
tion is compression autoignition combustion per- 
formed by injecting the fuel during the valve shutoff 
period in a combustion changeover from the spark 
ignition combustion to the compression autoignition 
combustion. 

17. The compression autoignition gasoline engine as 
claimed in Claim 1 6, wherein the controlling system 
controls the actuating system to perform compres- 
sion autoignition combustion by injecting the fuel 
during the valve shutoff period before a start of the 
spark ignition combustion in a combustion change- 
over from the compression autoignition combustion 
to the compression autoignition combustion. 

18. The compression autoignition gasoline engine as 
claimed in Claim 15, wherein the controlling system 
produces a combustion changeover request signal 
from the spark ignition combustion to the compres- 
sion autoignition combustion in accordance with the 
engine operating condition, and control the variable 
valve timing control system to form the valve shutoff 
period by adjusting the intake and exhaust valve 
timings in response to the combustion changeover 
request signal. 
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a spark ignition timing just before a start of the com- 
pression autoignition combustion. 

20. The compression autoignition gasoline engine as 
claimed in Claim 19, wherein, after the combustion 
changeover from the spark ignition combustion to 
the compression autoignition combustion, the con- 
trolling system controls the ignition system to cause 
a discharge in a spark plug of the ignition system at 
a position about 30° before a top dead center of a 
compression stroke. 

21. The compression autoignition gasoline engine as 
claimed in Claim 15, wherein the controlling system 

15 carries out a combustion changeover from the 
spark ignition combustion to the compression 
autoignition combustion at a first combustion 
changeover timing for a first group of engine cylin- 
ders and at a second combustion changeover tim- 

20 ing after the first combustion changeover timing for 
a second group of engine cylinders. 

22. The compression autoignition gasoline engine as 
claimed in Claim 16, wherein, in the combustion 

25 changeover from the spark ignition combustion to 
the compression autoignition combustion, the con- 
trolling system performs the transient combustion 
by injecting a first amount of fuel during the valve 
shutoff period and further injecting a second 

30 amount of fuel during the intake stroke or compres- 

sion stroke in accordance with a load. 

23. The compression autoignition gasoline engine as 
claimed in Claim 22, wherein the amount of the fuel 

35 injected during the valve shutoff period is increased 
as compared to an amount of fuel injected in nor- 
mal compression autoignition combustion. 

24. The compression autoignition gasoline engine as 
40 claimed in Claim 16, where the controlling system 

decreases the length of the valve shutoff period in 
accordance with a load at the time of the combus- 
tion changeover when the load is higher than pre- 
determined level, and holds the length of the valve 
45 shutoff period substantially constant when the load 
is lower than or equal to the predetermined level. 

25. A combustion changeover process for a compres- 
sion autoignition gasoline engine having an in-cylin- 

50 der fuel injector, comprising: 

requesting a combustion changeover from first 
combustion which is one of spark ignition com- 
bustion and compression autoignition combus- 
tion to second combustion which is the other of 
the spark ignition combustion and the com- 
pression autoignition combustion, in accord- 
ance with an engine operating condition; and 



19. The compression autoignition gasoline engine as 
claimed in Claim 15, wherein, in a combustion 55 
changeover from the spark ignition combustion to 
the compression autoignition combustion, the con- 
trolling system controls the ignition system to retard 



40 



45 



11 



21 EP 1 085 192 A2 

performing transient combustion when the 
combustion changeover is requested, the tran- 
sient combustion being performed by injecting 
fuel directly into a combustion chamber during 
a period during which the combustion chamber 5 
is closed by closing both an intake valve and an 
exhaust valve. 

. The combustion changeover process as claimed in 
Claim 25, wherein the transient combustion is one w 
of stratified charge combustion performed by inject- 
ing the fuel on a compression stroke, and combus- 
tion performed by injecting the fuel during a valve 
shutoff period during which the combustion cham- 
ber is fully closed, between an exhaust stroke and is 
an intake stroke. 
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